The recovery of Zr from Zircaloy-4 (Zry-4) cladding hulls was demonstrated to investigate the effect of the oxidation process on the reaction rate of the chlorination reaction. In chlorination reaction experiments performed for 6 h, where reaction products were collected every 2 h, it was observed that a significant decrease in the reaction rate was caused by the oxidation process (500 o C, 10 h under an air atmosphere) within the reaction period of 0 -2 h. The amount of reaction residue increased from 0.95 to 1.65wt% of initial weights in the fresh and Zry-500-10 (Zry-4 hulls oxidized at 500 o C for 10 h under an air atmosphere) hulls, respectively. The purity of the recovered Zr was identical at 99.61wt% for the fresh Zry-4 and Zry-500-10 hulls. Quantitative analysis of the chlorination reaction rate was performed by varying the reaction time from 0.5 to 1.0, 2.0, and 4.0 h. The fitting results showed that the relationship between weight loss and reaction time can be interpreted by a linear line with a slope of 23.35wt%/h for the fresh Zry-4 case, while two linear lines were necessary to fit the results of Zry-500-10. In addition, the slope values were 17.12 and 27.16wt%/h for (0 -20) and (20 -100)wt% loss regions, respectively. 
Introduction
The management of Spent Nuclear Fuel (SNF) is under intensive research in Korea, as the capacity of SNF storage pools at reactor sites is facing its limit. To solve this problem, KAERI (Korea Atomic Energy Research Institute) is developing a pyroprocess technique that employs electrochemical reactions instead of chemical reactions for a treatment of the SNFs [1] [2] [3] [4] . The SNF consists of fuel material (fissionable material and fission products), cladding hull, and hardware waste, and the mass ratio of each component is about 100: 25: 5.7 [5] . It was also reported that the cladding hull waste generated during the wet reprocessing of SNF should be treated as Greater Than Class C (GTCC) waste or High Level Waste (HLW) [5, 6] . In the case of the pyroprocess, it was suggested that the hull wastes generated during the pyroprocess needs further treatment to be recycled or disposed of as low level waste, owing to the residual SNF stuck on the inner surface of the hulls, the fission products (FPs) penetrated into the hulls, and the radioactivation of cladding hull constituents [6] [7] [8] . To minimize the amount of HLW generated during the pyroprocess, KAERI is developing a chlorination technique as a hull waste treatment method [8] [9] [10] [11] [12] . The chlorination method extracts Zr, which consists of more than 97wt% of Zr based cladding hull materials including Zircaloy and ZIRLO, by reacting Zr with Cl 2 gas to produce gaseous ZrCl 4 Several reports were published on the treatment of cladding hull waste through the chlorination process [8] [9] [10] [11] [12] [13] [14] [15] [16] .
As noted above, KAERI is working on a chlorination technique, and reported the fundamental calculation and experiment results [8] [9] [10] [11] [12] [13] . The theoretical calculation results performed using the HSC chemistry code [17] revealed that the chlorination method is an efficient way to selectively recover Zr in the presence of residual SNF owing to the low sublimation temperature of ZrCl 4 and high reactivity of Zr with Cl 2 gas [9] [10] [11] . The experimental results showed that Zr of high purity (> 99.97wt%) can be achieved via the chlorination reaction of Zircaloy-4 (Zry-4) hulls [11] . In addition, it was revealed that the chlorination technique can be employed for the oxidized Zry-4 hulls (at 500 o C), suggesting that the oxide layers generated during the oxidative decladding process cannot completely protect the hulls from the chlorination reaction [12] . Yasuike et al. [14] reported the successful separation of Zr from Zircaloy-2 hulls even in the presence of impurities including Co, U, Ni, and Cs.
At the Oak Ridge National Laboratory, the feasibility of the chlorination technique was investigated in a hot cell, and a high decontamination factor of 1200 was achieved based on radiation dose of recovered Zr [15] . Bohe et al. [16] In this study, the chlorination reaction of Zry-4 hulls was investigated from a reaction rate point of view. The experiments were performed for fresh and oxidized Zry-4 hulls to simulate the effect of the oxidative decladding process on the reaction rate of the chlorination process.
Experimental
Before the reaction experiments, the hulls were cut into 3 cm long pieces. Some of the hulls were oxidized at 500 o C for 10 h under an air atmosphere to verify the effect of the oxidative decladding process on reaction rate. The chlorination reaction was performed in a quartz reactor, which has a quart frit in the middle to support Zry-4 hulls and reaction residues while removing gaseous products from the heating zone. Reaction gas (Ar + Cl 2 ) was fed from the top of the reactor and gaseous products were removed from the heating zone by passing through the quartz frit down to the bottom of the reactor. The flow of Ar, unreacted Cl 2 and gaseous reaction products pass through a collection zone where the temperature is kept at room temperature to collect ZrCl 4 in its solid form while Ar and Cl 2 are introduced to an exhaust treatment system. Detailed information on the reaction system is well described in our previous work [11] .
All reaction experiments were performed at 380 o C.
Two types of experiments were performed in this study.
First, fresh Zry-4 (without oxidation) and Zry-500-10 (Zry-4 oxidized at 500 o C for 10 h under an air atmosphere) hulls were reacted with chlorine gas for 6 h while collecting reaction products every 2 h. The reaction products were analyzed using an ICP-AES (Inductively Coupled Plasma -Atomic Emission Spectroscopy) system, while the reaction residues were analyzed using a SEM-EDS (Scanning Electron Microscopy -Energy Dispersive Spectroscopy) system owing to their high insolubility in acid solutions. A mixed gas of Ar and Cl 2 was fed with a flow rate of 30 cc/ min for each gas. Second, the Zry-4 and Zry-500-10 hulls were reacted with chlorine gas for 0.5, 1.0, 2.0, and 4.0 h to measure the chlorination reaction rate of the hulls. In this case, (20 cc/min Ar + 10 cc/min Cl 2 ) gas was employed as a reactant flow. Table 1 . In the pictures of the reactants (Fig. 1) , a change in the colors of the Zry-4 hulls is clear: after the oxidization process (b), the hulls exhibited a light black color, while it was shiny metallic before the oxidation. In addition, it is interesting to compare the changes in the color of the reaction products with the increase in the reaction time. In both the fresh Zry-4 and Zry-500-10 hulls, the color of the products changed from whitish orange (0 -2 h) to brown (4 -6 h). As it is known that ZrCl 4 exhibits a white color, the changes in the color of the products suggest that the concentration of by-products (presumably Sn and iron chlorides) has increased with the reaction time. The composition analysis results shown in Table  1 viously, it was suggested that the composition of Cr might be reduced after the chlorination process owing to a high boiling point (decomposition at 1300 o C) of CrCl 3 [11] . But the detection of Cr in the reaction products suggests that volatile Cr chlorides such as CrCl 4 [18] might have been produced during the chlorination reaction. In the case of Fe, the content was not reduced after the chlorination reaction, presumably owing to a formation of volatile FeCl 3 . It should be mentioned that the Sn content was significantly reduced in the reaction products of both cases. Previously, it was suggested that SnCl 4 (g) is a preferred chloride form to be produced through the chlorination process [10] , but the relatively low content of Sn in the reaction products needs further investigation. The properties of the reaction residues also need clarification, as it has been suggested that they might be managed as HLWs or GTCC wastes owing to the presence of residual SNF. As noted in Table 1 , the weight ratios of the reaction residues were only 0.95 and 1.65wt%
Results and discussion
of the initial values for the fresh Zry-4 and Zry-500-10 hulls, respectively, suggesting that the chlorination method is an efficient way to extract Zr from cladding hull waste. It should be discussed here that an increase in the amount of reaction residue was observed in the Zry-500-10 case.
In our previous study [13] , where an extraction of Zr from oxidized Zry-4 hulls was demonstrated at a 50 g scale, the amount of reaction residue was 0.95wt%, which is identical to the case of the fresh Zry-4 of the present study. Therefore, it is not reasonable to clarify a relationship between the oxidation process and the amount of reaction residue at this stage. However, it can be estimated that the amount of the reaction residues might range from 0.95 to 1.65wt% of the initial weight whether the hulls were oxidized (500 o C, 10 h)
or not. A compositional analysis of the reaction residues was performed using the SEM-EDS technique, the results of which are shown in Table 1 . As expected from the ICP-AES results of the reaction products, the purity of the recovered Zr was reduced to 88.30 and 93.51wt% in the fresh Zry-4
and Zry-500-10 hulls, respectively. It was also shown that the residues exhibit high Cr and Sn contents in accordance with the analysis results of the reaction products. A change in the weight of the reaction products should be discussed here; as clearly shown in Table 1 (and Fig. 1 ), the weight of the reaction products in each reaction period exhibits a different trend in the fresh Zry-4 and Zry-500-10 samples.
In the period of a 0 -2 h reaction, the fresh Zry-4 hulls produced more products (17.86 g) than the Zry-500-10 hulls are shown in Fig. 2 and 3 for the fresh and oxidized Zry-4 hulls, respectively. In the case of the fresh Zry-4 hulls (Fig.   2 ), the weight losses of the reactants were 11.59, 24.46, 48.06, and 92.47wt% after the chlorination reaction for 0.5, 1.0, 2.0, and 4.0 h, respectively. In the Zry-500-10 case (Fig. 3) , 
Conclusions
The effect of the oxidation process on the chlorination reaction rate of Zry-4 hulls was investigated. It was revealed that the oxidation process did not affect the purity of the 
